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EDITORIAL
Site and control of phosphate reabsorption by the kidney
In general, phosphate is filtered at the glomerulus, a
portion is reabsorbed by the renal tubules and the excess
is excreted in the urine. This framework was demonstrated
by Pitts in 1933 when he reported the relationship between
phosphate reabsorption and the filtered load of phosphate
[1]. Fig. I illustrates the curvilinear relationship between
plasma phosphate concentration and the ratio of the
clearance of phosphate to the clearance of a glomerular
marker, in this case xylose. At low plasma concentrations,
phosphate is reabsorbed from the filtrate, and as the plasma
concentration is raised the phosphate clearance approaches
the xylose clearance without exceeding it. Pitts concluded
that phosphate was not secreted since the maximum phos-
phate clearance could be accounted for by filtration of
phosphate.
Inspection of Fig. 1 reveals that several of the data points
exceed the unity clearance ratio (P04: xylose). Pitts did not
intepret these observations to indicate secretion but rather
experimental error associated with the two clearance
determinations. Others have interpreted similar data from
experiments in dog and man to indicate tubular secretion
of phosphate [2, 3]. For example, Webster, Mann and
Hills report that in 7 out of 31 human subjects phosphate
clearance exceeded inulin clearance following phosphate
loading [3]. There is a suggestion from the data that the
clearance of inulin may have been underestimated in those
cases where the clearance of phosphate exceeded the
clearance of inulin. Low filtration fractions (<10%) were
observed in 3 patients in whom a pyrogenic reaction to
inulin was found and in 3 patients in whom there was
severe renal disease. In 6 of the 7 patients allegedly de-
monstrating secretion, there was considerable deviation
from normality in filtration fraction and inulin clearance.
In the one remaining subject with normal renal function
(inulin clearance = 80 ml/min) the P04/inulin clearance
ratio was 1.05, within the error of the clearance methodo-
logies. Similarly, low filtration fractions were reported in
the small percentage of dogs purported to secrete phosphate
[2]. Ginsburg has reported that net secretion of phosphate
can be observed when plasma phosphate is elevated in the
presence of a glucose infusion [4]. He emphasized, however,
that this demonstration of secretion was not consistently
reproducible. Thus, these studies do not clearly establish
phosphate secretion in dog or man. Handler attempted to
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convincingly demonstrate phosphate secretion in dogs by
employing procedures known to increase phosphate
excretion. In the presence of infusions of paraaminohip-
purate, glucose, mannitol, parathyroid hormone, phosphate
and reductions in glomerular filtration rate he was unable
to demonstrate P04/inulin clearance ratios which con-
sistently exceeded unity [5]. The filtered load of phosphate
exceeded the excreted phosphate despite vigorous attempts
to facilitate secretion. Thus in contrast to fish [6], snake
[7], amphibia [8] and the chicken [9] in which net
phosphate secretion has been clearly demonstrated, no
such clear demonstration has been reported in intact
mammals.
Although net secretion of phosphate is difficult to
demonstrate in mammals, a small but possibly significant
secretory component to net phosphate reabsorption cannot
be ruled out. This possibility was raised by the observation
in both the dog and the chicken that phlorizin decreases
phosphate excretion possibly due to a blockade of tubular
secretion of phosphate [10]. Since it is difficult to evaluate
phosphate secretion in the dog where phosphate reabsorp-
tion predominates, studies were performed in the spiny
dog fish in which tubular secretion accounts for the bulk
of phosphate excretion [6]. Phlorizin had no significant
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Fig. 1. The relationship between the fractional clearance of
phosphate and plasma phosphate concentration is plotted. The
interpretation of this data in regard to possible secretion of
phosphate is discussed in the text. (From R. F. Pitts, Am J
Physiol 106:2, 1933.)
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effect on phosphate excretion in the spiny dog fish and
therefore it seems unlikely that phiorizin acts by blocking
phosphate secretion in the dog. The more likely interpreta-
tion is that phiorizin enhances phosphate reabsorption and
therefore its antiphosphaturic effect does not provide
strong evidence in support of active phosphate secretion
in mammals.
The possible importance of phosphate secretion is
illustrated in studies of phosphate transport in X-linked
hypophosphatemic patients by Glorieux and Scriver [11].
Male patients with this disorder are capable of phosphate
reabsorption at only about 1/3 that of normal subjects.
When these patients are phosphate loaded, net phosphate
"secretion" was observed in 50 % of the determinations.
Thus, when the phosphate reabsorptive capacity is severely
limited, as is the case in X-linked hypophosphatemia, a
significant secretory component of phosphate reabsorption
may be unmasked.
Although not active secretion per Se, there is evidence to
support a passive back flux of phosphate into the tubule
lumen. In stop-flow studies by Lambert et al [12] and by
Davis, Kedes, and Field [13] there was detectable entrance
of injected radioactive phosphate into distal tubule fluid
samples during the period of stop-flow. Although small,
these influxes may be important in that they indicate a
potential for alteration of urinary phosphate excretion
independent of changes in unidirectional reabsorption of
phosphate. Murayama, Morel, and LeGrimellec have
studied the bidirectional flux of phosphate in rat nephrons
[14]. The net flux of phosphate was 4.8 mmoles/min/mm in
the proximal tubule and the lumen to plasma flux was
5.6 mmoles/min/mm. The back flux, 17% of the net flux,
was not significantly different horn zero. Thus with the
variability of the microperfusion techniques, a back flux
of phosphate in the proximal tubule has not been firmly
established. However, a significant back flux of phosphate
into the tubule fluid remains a distinct possibility and
represents a point in need of further investigation.
Site of phosphate reabsorption. Phosphate reabsorption
in the mammalian nephron occurs predominantly in the
proximal tubule. Pitts et al [15J obtained early evidence
localizing phosphate reabsorption by stop-flow analysis.
A minimum concentration trough for phosphate was found
at a similar locus to a maximum concentration peak for
PAH corresponding to samples from the proximal tubule.
Similarly, Wilde and Malvin concluded from stop-flow
experiments that phosphate was reabsorbed in the proximal
tubule and that there was no evidence for distal reabsorp-
tion or secretion of phosphate [161. These early findings
with stop-flow techniques have been largely confirmed by
subsequent micropuncture studies.
Micropuncture studies of phosphate reabsorption in the
rat were first reported by Strickler et al [17]. Tubule fluid
to ultrafiltrate1 (TF/UF) phosphate ratios in the proximal
Plasma phosphate is approximately 95% ultrafiltrable.
tubule averaged 0.73 SD 0.16 indicating phosphate
reabsorption in excess of water reabsorption. Approxi-
mately 24% of the filtered phosphate was delivered to the
distal tubule and 22.5 % appeared in the final urine,
suggesting little additional reabsorption or secretion of
phosphate beyond the proximal tubule. Similarly, in the
dog, Agus et al found (TF/UF) phosphate ratios in the
proximal tubule of 0.72± SE 0.06 [18]. Again, the phos-
phate delivered from the proximal tubule appeared in the
urine, suggesting the absence of both reabsorptive and
secretory mechanisms in nephron sites beyond the proximal
tubule. In contrast, micropuncture studies performed in
rats by Amiel, Kuntziger and Richet [19] have been
interpreted to indicate a distal reabsorptive capacity for
phosphate. This conclusion was based primarily on the
finding that the percent of filtered phosphate remaining in
distal tubules was uniformly greater than in ureteral urine.
In these studies the (TF/UF) phosphate in the proximal
tubule was 0.67 SD 0.12, in close agreement with pre-
viously cited studies. The conclusion that phosphate is
reabsorbed in distal as well as proximal nephron segments
is of great theoretical and practical importance and therefore
additional studies have been directed to this point.
In sharp contrast to the results from free-flow micro-
puncture studies by Amiel et al, no evidence for phosphate
reabsorption in distal nephron segments was found from
microinjection studies in rats by Staum, Hamburger, and
Goldberg [201. The results of these studies are shown in
Fig. 2. Greater than 95% of injected radiophosphate was
recovered in the urine when injected beyond 50 % of the
proximal tubule length. Complete recovery was obtained
from all injection sites in the distal nephron. Very similar
results have been reported by Gagnon-Brunette, Taleb and
Carriere with the additional finding of a small reabsorptive
component between the late accessible proximal tubule and
early distal tubule [211. These studies represent strong
evidence against phosphate reabsorption in the terminal
nephron (distal tubule and collecting system).
Careful consideration of assumptions and possible
artifacts in both the free-flow and microinjection studies
does not provide a clear explanation for the discrepancy.
In the free flow studies in which distal reabsorption was
reported, the (TF/UF) phosphate was determined with
radiophosphate [19]. In contrast to the microinjection
studies, the calculation of phosphate concentration ratios
in free flow depends upon a uniform specific activity of
phosphate. Since phosphate is an intracellular ion and
forms the lattice of bone it is doubtful that a uniform
specific activity can truly be achieved. This objection is
countered by the demonstration of an equilibrium of specific
activity between plasma and urine. Similarly, the hazard
of calculations based on data from superficial nephrons
and ureteral urine which fail to recognize the contribution
of deep nephrons to the phosphaturia does not adequately
explain the discrepancy. Based primarily on the considera-
tion that the microinjection method is relatively more
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direct and technically less complicated than the free-flow
method, greater weight is afforded to the conclusions from
the microinjection studies which indicate that phosphate is
reabsorbed virtually exclusively in the proximal tubule in
intact animals. However, it must be emphasized that a
similar inconsistency in conclusions between free flow
micropuncture data and microinjection data exists in ani-
mals which have been thyroparathyroidectomized. Wen has
demonstrated delivery of phosphate from the proximal
tubule in thyroparathyroidectomized dogs which far
exceeds the urinary excretion of phosphate [22]. He
concluded that it was necessary to postulate a significant
reabsorption of phosphate in some portion of the distal
nephron. In sharp contrast with this conclusion Gagnon-
Brunette et al could find no distal reabsorption of phosphate
in thyroparathyroidectomized rats using the microinjection
technique [211. This issue has practical importance since
changes in phosphate clearance have been used to reflect
changes in sodium reabsorption in the proximal tubule in
chronic balance studies [23, 24] and in the study of diuretics
[25, 261. The use of phosphate clearance as an index of
proximal sodium reabsorption depends on the thesis that
there is little reabsorption of phosphate beyond the proximal
tubule. From the discrepancies in results which have been
outlined above some doubt remains in regard to the
satisfaction of this criterion. A resolution of these discrep-
ancies is clearly necessary. Simultaneous free flow micro-
puncture and microinjection studies in the same animal may
provide insight as to whether the differences in results are
due to differences in species, the physiologic state of phos-
phate reabsorption, or methodology.
Control of phosphate reabsorption
Phosphate reabsorption in in tact animals. A minimum
concentration of phosphate is established early in the
proximal tubule and this concentration is maintained
constant as isotonic fluid is reabsorbed in the remainder
of the proximal tubule. In Fig. 3 the relationship between
phosphate concentration in tubule fluid to that in ultra-
filtrate is plotted as a function of the distance along the
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Fig. 2. a) The recovery of injected radiophosphate, as compared with radioinulin (3H), is plotted as a function of proximal tubule length.
Note that phosphate recovery is virtually complete when extrapolated to the end of the proximal tubule. b) Radiophosphate is completely
recovered in the urine when injected into the distal tubule. These data have been interpreted to indicate that phosphate reabsorption
can be accounted for in the proximal tubule and the absence of significant phosphate reabsorption in the distal tubule (From B. B.
Staum et al, J Gun Invest 51:2273—2274, 1972).
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Fig. 3. The tubule fluid to ultrafiltrate (TF/UF) phosphate
concentration ratio as a function of fractional water reabsorption
be the proximal tubule, (TF/P) mut jn The dashed line represents
phosphate reabsorption in direct proportion to water reabsorp-
tion. The solid line represents the mean observed phosphate
concentration ratio in the proximal tubule. Redrawn from the
data of Agus et al [18].
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proximal tubule using data from studies by Agus et al [27].
Since by definition the concentration of phosphate in
ultrafiltrate is equal to the concentration of phosphate at
the beginning of the proximal tubule, the concentration
ratio is initially 1.0. Early in the proximal tubule, fluid is
reabsorbed with phosphate concentrations higher than in
ultrafiltrate. Subsequently there is no significant change in
phosphate concentration as fluid is continually reabsorbed
along the length of the proximal tubule. The strength of
the construction of the solid line in Fig. 3 is limited to some
degree by the fairly large scatter in the data. These data
were obtained with the use of an electron probe for analysis
of tubule fluid phosphate concentrations. With this highly
sensitive tool, multiple determinations of the phosphate
concentrations on very small quantities of fluid can be
obtained whereas with the chemical methods relatively
large amounts of tubule fluid were necessary for each
determination. Data from both the electron probe and
chemical methods indicate that the equilibrium phosphate
concentration ratio is approximately 0.7 in the proximal
tubule of intact animals. A summary of phosphate concen-
tration ratios for a variety of experimental conditions is
presented in Fig. 4.
Parathyroid hormone (PTH). Samiy, Hirsch, and Ramsay
used stop-flow studies in the dog [281 to show that the
phosphaturic effect of parathyroid hormone was due to
inhibition of phosphate reabsorption in the proximal tubule.
Subsequent micropuncture studies have shown that the
(TF/UF) phosphate concentration ratio increases towards
unity following PTH administration and decreases below
control levels in thyroparathyroidectomized animals [18,
29—32], Fig. 4. These findings indicate that the normal
regulation of phosphate reabsorption by parathyroid
hormone occurs by an alteration in the equilibrium
phosphate concentration achieved in the proximal tubule.
Demonstration of the avid phosphate reabsorption by the
proximal tubule of thyroparathyroidectomized animals
which results in (TF/UF) phosphate concentration ratios
of approximately 0.3 may be dependent upon the length
of time following removal of parathyroid hormone. in
studies by Beck and Goldberg the thyroparathyroidectomy
was performed from 24 to 72 hr prior to the micropuncture
studies [31]. However, parathyroid hormone was admin-
istered twice daily until 24 hr prior to the experiments so
that the period of deprivation of parathyroid hormone was
relatively short as compared with other studies in which
the animals were maintained with calcium supplements.
For example, in studies by Wen, thyroparathyroidectomized
dogs were maintained with calcium supplements rather
than parathyroid hormone and the (TF/UF) phosphate
concentration ratio was approximately 0.7, not significantly
different from that observed in normal dogs [221. These
findings suggest that some compensatory mechanism can
be activated in the absence of parathyroid hormone to
return (TF/UF) phosphate concentration ratios to normal
values. Therefore the length of time without parathyroid
Vitamin D
Parathyroidectomy
Fig. 4. The phosphate concentration ratio in the proximal tubule
is summarized for a variety of experimental conditions. The data
supporting this summary are discussed in detail in the text.
hormone may be an important factor determining phos-
phate reabsorption by the proximal tubule.
Calcitonin. Calcitonin has an effect on phosphate re-
absorption qualitatively similar to that of parathyroid
hormone. The avid phosphate reabsorption in thyropara-
thyroidectomized animals may be due to the combined
lack of both hormones. Gekle and Kossmann have shown
that calcitonin increases the (TF/UF) phosphate concentra-
tion ratio from 0.32 to 0.64 in the proximal tubule of
thyroparathyroidectomized animals [32]. The (TF/UF)
phosphate concentration ratio depicted in Fig. 4 is based
on the assumption that calcitonin has a similar effect in
intact animals to that noted in thyroparathyroidectomized
animals. The increase in phosphate clearance following
calcitonin infusion is probably a direct effect of the hormone.
The phosphaturic effect has been demonstrated in thyro-
parathyroidectomized rats indicating that phosphaturia is
not mediated by parathyroid hormone released by the
hypocalcemic effect of calcitonin [33]. A direct effect of the
hypocalcemia to produce the phosphaturia is unlikely since
Dambacher and Haas have shown that calcitonin causes a
phosphaturia in hypoparathyroid patients without changes
in serum calcium [341. Further support for the thesis that
calcitonin has a direct effect is the finding of Marx, Woo-
dard, and Aurbach of specific receptors in renal cortex for
calcitonin which are distinct from receptors for para-
thyroid hormone [351.
Vitamin D. The active metabolites of vitamin D increase
the reabsorption of phosphate, an effect antagonistic to
the effect of parathyroid hormone (Fig. 3). Gekle, Stroder
and Rostock have demonstrated this effect of vitamin D
in micropuncture experiments in rats [29]. (TF/UF)
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phosphate concentration ratios were significantly decreased
from 0.67 to 0.35 following vitamin D infusion in normal
rats. However, this finding was critically time-dependent
since with continued vitamin D infusion the (TF/UF)
phosphate concentration ratio rose to control values.
Puschett, Moranz and Kurnick demonstrated increased
phosphate reabsorption with vitamin D and 25-hydroxy-
cholecalciferol in clearance experiments in thyropara-
thyroidectomized dogs [361. 1 ,25-dihydroxycholecalciferol2
has been shown to greatly enhance calcium transport by
the gut and therefore this metabolite might be expected
to markedly enhance phosphate reabsorption. However,
Puschett et al have shown that although the renal effects
of 1,25-dihydroxycholecalciferol have a faster onset of
action than 25-hydroxycholecalciferol, there was no
difference between the two compounds in enhancing phos-
phate reabsorption [381.
Calcium. The serum calcium concentration may have a
direct effect on phosphate reabsorption. Studies by Laven-
der and Pullman on the infusion of calcium solutions into
the renal artery of the dog indicate that hypercalcemia
increases tubule phosphate reabsorption [391. Similarly,
infusion of calcium increases phosphate reabsorption in
patients with X-linked hypophosphatemia [11]. Additional
studies in the rat in which EGTA was infused indicate that
hypocalcemia decreases phosphate reabsorption and are
therefore in agreement with the studies cited above [331.
In contrast to these conclusions from studies in which the
acute effects of calcium were tested, Eisenberg has reported
that prolonged infusions of calcium solutions in hypopara-
thyroid patients results in decreases in phosphate reabsorp-
tion [401. Although it may be possible that differences in
acute and chronic infusion of calcium account for the
differences in results, additional studies are necessary to
clarify the effect of serum calcium on phosphate reabsorp-
tion.
Phosphate. The effect of phosphate loading on the
phosphate concentration ratio in the proximal tubule is
summarized in Fig. 4 from the data of Strickler, Thompson,
Klose and Giebisch [17]. The phosphate concentration
ratio of 1.8 indicates that, at high plasma concentrations of
phosphate, water reabsorption exceeds phosphate reabsorp-
tion in the proximal tubule. These findings are compatible
with a transport maximum for phosphate as presented
originally by Pitts and Alexander [10]. However, as is
evident from the other conditions depicted in Fig. 4, the
control of phosphate reabsorption is primarily achieved by
an alteration of the phosphate concentration in the proximal
tubule with (TF/UF) phosphate concentrations below unity
and probably not by exceeding a fixed transport capacity
for phosphate of this segment.
Relationship to sodium reabsorption. Phosphate reabsorp-
tion is closely linked with sodium reabsorption in the prox-
2 1 ,25-dihydroxycholecalciferol is converted from 25-hydroxy-
cholecalciferol in the kidney under regulation by parathyroid
hormone [37].
imal tubule. Expansion of the extracellular fluid volume
results in a marked decrease in sodium and phosphate
reabsorption by the proximal tubule and a phosphaturia
accompanied by a natriuresis [41—48]. However, since there
is a major distal reabsorptive capacity for sodium and not
for phosphate, phosphaturia is not always accompanied
by a marked natriuresis. For example, preferential expansion
of the plasma volume, which also markedly decreases
proximal sodium reabsorption produces phosphaturia
without a marked natriuresis [49]. Conversely, increased
fractional sodium reabsorption following aortic obstruction
is accompanied by increased fractional reabsorption phos-
phate [43]. Thus, in general fractional phosphate reabsorp-
tion closely parallels proximal sodium reabsorption but not
distal sodium reabsorption.
The association between sodium and phosphate re-
absorption in the proximal tubule can be demonstrated in
the absence of systemic hormonal changes. Acetylcholine
and prostaglandin E1 when infused into the renal artery
decrease proximal sodium reabsorption and cause a phos-
phaturia in the infused kidney only [49]. Thus the unilateral
phosphaturia in these cases was not mediated by release of
parathyroid hormone or calcitonin and further supports a
direct relationship between proximal sodium and phosphate
reabsorption. This relationship led Agus et alto postulate
that the phosphaturic effect of parathyroid hormone might
be secondary to an inhibition of proximal sodium transport
by the hormone. Indeed, in micropuncture experiments in
dogs, infusion of parathyroid hormone resulted in decreased
sodium and phosphate reabsorption by the proximal tubule
[18]. However, subsequent studies in the dog by Agus et al
[27], Strandhoy et al [421, and Wen [22] show a more
selective effect of parathyroid hormone on phosphate
reabsorption. Thus the phosphaturia following parathyroid
hormone infusion is disproportionate to the decrease in
proximal sodium reabsorption.
Since saline loading decreases proximal sodium reabsorp-
tion, the accompanying phosphaturia is consistent with a
coupling between sodium and phosphate reabsorption in
the proximal tubule. However, in addition to this intrarenal
effect, the dilution of plasma calcium by saline infusion
likely stimulates the release of parathyroid hormone. In
fact, Frick maintains that the parathyroid glands are
necessary for the phosphaturic effect of saline loading since
acute thyroparathyroidectomized rats do not exhibit a
marked phosphaturia following saline loading [45 J.
Similarly, acute thyroparathyroidectomy in dogs, accom-
plished either surgically or chemically (infusion of calcium
or magnesium), blocks the phosphaturia of saline loading
[461. The results of these two studies suggest that intact
parathyroid glands are necessary for the demonstration of
the phosphaturia of saline loading. However, this issue is
complicated by the fact that the phosphaturic effect of
saline loading can be demonstrated in animals with chronic
thyroparathyroidectomy [41]. The discrepancy between
the phosphaturic effects of saline loading in acute and
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chronic thyroparathyroidectomy may hinge on whether
increases in parathyroid hormone mediate the phosphaturia
of saline loading or whether the hormone is necessary only
as a permissive factor. Parathyroid hormone may act in a
permissive role as follows. Following acute thyropara-
thyroidectomy the (TF/UF) phosphate in the proximal
tubule is low, averaging about 0.3. An effect of saline
infusion to reduce phosphate reabsorption may be obscured
by the presence of avid phosphate reabsorption. It follows
that the phosphaturic effect of volume expansion in acute
thyroparathyroidectomized animals should be restored by
elevating (TF/UF) phosphate to normal levels. Support for
this possibility has recently been presented by Hebert et al
who demonstrated a phosphaturic effect of volume expan-
sion in acute thyroparathyroidectomized dogs by elevating
plasma phosphate concentration [471. A second line of
evidence to support this thesis is the observation that
phosphate reabsorption by the proximal tubule is less avid
in dogs with chronic rather than acute thyroparathyroid-
ectomy. in micropuncture studies cited earlier by Wen,
the (TF/UF) phosphate was approximately 0.7 and not
significantly different from the ratio observed in normal
dogs. Subsequent infusion of saline solution resulted in
a phosphaturia. Thus, in the absence of parathyroid
hormone it was possible to demonstrate a phosphaturia
following saline loading.
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